ABSTRACT Terrestrial arthropods are challenged with locating food in a heterogeneous environment, and this activity may be mediated by the hunger level the animal is experiencing. We performed wind tunnel experiments to determine whether food deprivation in the terrestrial darkling beetles Eleodes extricata Say and Eleodes hispilabris Say affects their movement patterns and whether they orient to food by means of vision, olfaction, or both. Hunger affected foraging behavior with respect to whether beetles actually contacted food. However, the velocity and number of turns of both food-deprived and fed individuals did not significantly differ, indicating that food deprivation affects the ethological consequences but not the velocity and turning mechanics of foraging in these species. Both olfaction and vision were used to find food over short distances ( <80 cm). Olfaction elicited a stronger navigational response than did vision, particularly within 25 cm of food.
ANIMALS MOVE IN response to a variety of sensory cues, such as odors (Vaughn et al. 1996) , visual cues (pyke 1978) , and tactile stimuli (Camhi and Tom 1978, Camhi et al. 1978) , which are then used to direct movements (Rust et al. 1976, Bernays and Chapman 1994) . In many instances, several types of sensory cue are available simultaneously for animals to use in orientation (Prokopy 1986) . Determining which, if any, of these cues are important in directing movement has implications for a better understanding of the basic biology of most animals. This knowledge may, in turn, affect studies of pest management, gene flow, habitat selection, and other areas in which the movement of organisms plays a central role.
Wind tunnels have been invaluable in determining the sensory cues mediating movement by several arthropod taxa (e.g., Visser 1976 , Visser and Ave 1978 , Elzen et al. 1986 , Sheehan and Shelton 1989 , Caprio and Grafius 1990 , Kaas et al. 1992 , Vaughn et al. 1996 . Most such studies have focused upon the cues used by phytophagous or parasitoid species capable of flight, and it has been well documented that such arthropods use a variety of visual and olfactory cues in finding food, mates, and other resources (Bernays and Chapman 1994, Vaughn et al. 1996) . However, these studies contribute little direct knowledge about how detritivorous or completely flightless animals orient. To this end, we conducted wind tunnel experiments to determine whether 2 species of terrestrial adult darkling beetles, Eleodes extricata Say and Eleodes hispilabris Say, orient to food by means of vision, olfaction, or both.
These 2 species are generalist detritivores, feeding primarily on dead plant matter (particularly grasses and forbs) (Yount 1971 , Rogers et al. 1988 . They are abundant members of the fauna of ~e arid and semiarid ecosystems of North America (Blaisdell1909, Crawford 1981) . Both occur on the shortgrass steppe and have similar foraging habits (Yount 1971, Whicker and Tracy 1987) . E. extricata average 12.0 ::t 0.6 mm in length (mean ::t SD, n = 25), whereas E. hispilabris average 16.1 ::t 2.2 mm in length (n = 15) (N.E.M., unpublished data).
Orientation also may be affected by an animal's internal condition (Bell 1990) . For example, the food-searching behavior of an animal may be affected by its hunger (Cain 1985 , Zhang and Sanderson 1993 , Wallin and Ekbom 1994 . Because different species with different modes of movement (e.g., flight, walking) may respond differently to food deprivation (Caprio and Grafius 1990 , Zhang and Sanderson 1993 , Wallin and Ekbom 1994 , we also compared the movements of fooddeprived and fed darkling beetles to determine the effects of food deprivation on their foraging bettavior. libitum, whereas members of the food-deprived group were deprived of food for 10 d but provided with water ad libitum. Because more E. extricata than E. hispilabris were captured, we had different sample sizes of the 2 species.
Gerbil food was used as the food stimulus in all trials because it was readily consumed by the captive beetles and because the pellets were more homogeneous in size, shape, and composition than detritus. Thirty grams of whole pellets were placed in a pile (=5 cm high) in the center of the tunnel 80 cm upwind of the subjects' release point, which was situated 30 cm from the tunnel edge. Subjects were placed under an inverted opaque plastic bowl in the wind tunnel for I min to allow them to acclimate before release. The bowl was then removed and the trial was started. Beetles that actually contacted the stimulus within 800 s after release were considered to have found the stimulus. This time duration was used because preliminary analyses indicated that 800 s was the longest time taken for beetles to travel the entire length of the tunnel with no food stimuli present. Whether or not a subject ate the food, the subject's velocity, and the number of left and right turns (with a turn defined as a change in trajectory ;?;5°) taken by each subject, also were recorded. Behavioral anomalies (such as holding antennae in unusual postures) also were noted. The sand substrate was cleaned and smoothed after each trial, and the entire substrate was replaced after every = 10 trials to reduce the possible accumulation of odor cues. Overall association between food deprivation and whether or not a subject ate food was evaluated with a chi-square test. The Tukey studentized range test assessed whether there were significant differences in mean number of turns and velocity with food deprivation (Sokal and Rohlf 1981) .
Experiment 2. Sensory Cues and Foraging Behaviors Used to Orient to Food. Four treatments and a control were used to determine which senses were used in foraging by E. extricata and E. hispilabris. Whole gerbil food (30 g) placed 80 cm upwind of the beetles' release point could be seen and smelled (equivalent to experiment 1). Whole food (30 g) placed 80 cm downwind could be seen only. Crushed food (10 g, which covered the same circumference as a 30-g pile of whole pellets) and placed 80 cm upwind level with the sand matrix resembled the substrate and could be detected by olfaction only. Crushed food (10 g) placed 80 cm downwind on the sand substrate could not be either seen or smelled until it was actually contacted ( thus being contacted by chance) .If the food could be sensed at 80 cm by the beetles, a greater response would be expected than when no food was present, so control trials in which food was absent also were run to assess how the beetles moved without regard to the presence of food and to assess potential anemotaxis. As in experiment 1, subjects that contacted the stimulus within 800 s after release were considered to have found the stimu-
Materials and Methods
Study Species. Specimens were obtained by pitfall trapping in May 1995 at the Central Plains Experimental Range, Weld County, Colorado. Subjects were housed indoors in terraria (50 by 25 by 30 cm) maintained at 23°C and 40% RH with an 8-cm natural soil base and natural light conditions. All subjects were subsequently released in the region of capture upon termination of experiments (July 1995).
Wind TWIDel. The wind tunnel followed the design of Sheehan and Shelton (1989) as adapted by Vaughn et al. (1996) . A floor fan (51 cm diameter) created 28 cmls laminar air flow (assessed by timing the flow speed of titanium tetrachloride plumes at ground level and at a height of =50 cm) in a Plexiglas tunnel (60 by 60 by 200 cm), which was open at the opposite end. A wind speed of 28 cmls was used because it mimics the prevalent air speed at ground level encountered by the beetles in their natural grassland habitat (N.E.M., personal observation). Air that left the tunnel was vented from the room. A wooden frame with organdy mesh 1 m from the fan reduced air turbulence in the tunnel. Diffusing shade cloth ( 66% ) covered the roof of the tunnel, which, when coupled with the light from 6 Sylvania Daylight fluorescent bulbs (40 W) suspended above the tunnel, simulated natural light with visible and UV spectra. A 1-cm layer of sand that was filtered of organic matter covered the floor of the chamber, simulating natural substrate. The room in which the tunnel was housed was maintained at 40-44%RH and 21-24°C, which corresponds to the natural thermally favorable activity period of the beetles (Whicker and Tracy 1987) .
Experinlents. Two sets of experiments were conducted. In the 1st set of experiments, the movements of food-deprived and fed beetles in the presence of food were compared to determine the effect of an individual's hunger on its foraging behavior. In the 2nd set of experiments, 4 treatments (corresponding to food that could be seen only, smelled only, both seen and smelled, and neither seen nor smelled) and a control (no food) were used to determine the sensory cues and foraging behaviors used in foraging by darkling beetles. The treatment of food that could be both seen and smelled was equivalent to the 1st set of experiments, Experiment 1. Effects of Food Deprivation on Foraging Movements. Individuals belonging to both species were randomly placed in each of 2 groups representing different satiation states-fed and food-deprived (hungry). Members of the fed group were provided with food, consisting of natural vegetative detritus, commercial gerbil food (ground alfalfa pellets; Amazon Smytbe Superior Nutrition Guinea Pig Food, Chilton, WI), and commercial fish food (TetraMin Flake Food, Blacksburg, VA) and water (in saturated cotton) ad Fig. I . Mean number of turns (:!: SE) made by fooddeprived and fed E. extricata and E. hispilabris for food that could be sensed by both olfaction and vision, by vision alone, by olfaction alone, by neither (Chance), and for no food (Control). Fig. 2 . Mean velocity in centimeters per second (:t SE) made by food-deprived and fed E. extricata and E. hispilabris for food that could be sensed by both olfaction and vision, by vision alone, by olfaction alone, by neither (Chance), and for no food (Control).
ORIENTAnON CUE
Ius. In addition, because more E. extricata than E. hispilabris were captured, unequal sample sizes between the 2 species were present. Velocity and turning were measured for most subjects. Significant differences in response variables among treatments were assessed with a chi-square test (the data being pooled to meet the assumptions of a chi-square test [Cochran 1954, Sokal and Rohlf 1981] ) and the Tukey studentized range test.
Re8ults
Experiment 1. Effects of Food Deprivation on Foraging Movements. Forty-six trials were run (25 with E. extricata, 21 with E. hispilabris). Food deprivation significantly affected feeding behavior in both species. Hungry beetles contacted food significantly more often than did fed beetles for both species (r = 13.281, df = 1, p = 0.0001 for E. extricata; r = 4.492, df = 1, p = 0.0034 for E. hispilabris). Food-deprived beetles of both species ate food in 67.7% of the trials (21 of 31), whereas no fed subjects ate (of 15), even though 7 actually contacted or passed very near the food. These 7 either walked directly over the food without eating it (n = 2) or passed within 10 cm of it with no response (n = 5). The Tukey studentized range test revealed that fed and food-deprived individuals moved with the same mean turning and velocity for both E. extricata (turning: T = 2.850, df = 44, p > 0.05; velocity: T = 2.868, df = 36, p > 0.05)r IJ t! and E. hispilabris (turning: T = 2.854, df = 42, p > 0.05; velocity: T = 2.863, df = 38, p > 0.05) (Figs. I and 2; Olfaction + vision). Because no significant directional biases were found in the number of left versus right turns by both species (Fisher exact test: F = 1.31; df = 18, 28; p = 0.5068 for E. extricata; F = 1.24; df = 18, 28; p = 0.5957 for E. hispilabris), the number of turns made were pooled. Experim£nt 2. Sensory Cues and Foraging Behaviors Used to Orient to Food. Eighty-eight trials were run with food-deprived beetles ( 44 with E. extricata, 44 with E. hispilabris; 18 in which food could be seen only, 26 in which food could be smelled only, 31 in which food could be both seen and smelled, and 13 in which food could neither be seen nor smelled). Significantly more food-deprived beetles contacted food when > I sensory cue was available (;x2 = 7.302, df = 1, p = 0.0070). However, no overall significant differences in mean number of turns or velocity among trials with different sensory cues were noted for either species (Tukey studentized range test: p > 0.05) (Figs. I  and 2 ). E. extricata turned more than did E. hispilabris (note the differences in the ranges of the ordinates of Fig. 1) , whereas E. hispilabris moved more quickly than did E. extricata (note the differences in the ranges of the ordinates of Fig. 2) . A significantly higher percentage of food-deprived beetles of both species contacted food in trials in which only olfactory cues were available (11 of 26) Mean time in minutes (~ SE) to contact stimulus for food-deprived E. extricata and food-deprived E. hispilabris for food that could be sensed by both olfaction and vision, by vision alone, by olfaction alone, by neither (Chance), and for no food (Control).
or with both olfactory and visual cues (21 of 31) than in trials with visual cues alone (5 of 18) (Fig.  3) .
One anomalous behavior was noted in some food-deprived subjects of both species when food was present upwind (8 of 57 trials). The beetles raised their antennae higher than their normal drooping posture and waved them back and forth (the antenna moving simultaneously rather than alternating), and beetles often reared up on 4 legs during this behavior. We called this behavior antennal waving. This behavior lasted for ""2 s and was repeated often as the beetle moved upwind. Antennal waving occurred most often when the insect was within 25 cm of food (n = 5) but also was observed when subjects were 50 (n = I), 70 (n = I), and 80 (n = I) cm away. Antennal waving was never observed when there was no food in the wind tunnel, when the food was downwind of the beetle, or when the subject was not food-deprived (n = 115). these species is (at least in part) a genetic, hardwired behavior. Although some individual variation was noted in the responses (shown in the large variances relative to the mean for some variables), when the same individuals were run successively in preliminary trials, they did not display a decreased response time, which would have indicated that they were learning to locate food. This pattern further suggests that some movements are fixed in these beetles. To date, most arthropod taxa have displayed some plasticity in foraging behavior within genetically determined limits (e.g., Mols 1979 Mols , 1987 Cain 1985; Caprio and Grafius 1990; Zhang and Sanderson 1993; Wallin and Ekbom 1994) , which may account for the individualistic variation within the overall similar movements of our beetles. Many studies have related the ability to change foraging mechanics to optimization of foraging effort (e.g., pyke 1978 , Carter and Dixon 1982 , Cain 1985 ; the lack of such an ability in the species we studied suggests that darkling beetles may not forage optimally.
Because more hungry subjects contacted food when it was placed upwind, particularly when it could not be seen (32 of 57 contacts made when food was upwind versus 7 of 31 downwind), evidently olfaction was used more than vision in foraging. Antennal waving also suggests that these species use olfaction in navigation. However, because some subjects contacted food when it was placed in a position where it could not be smelled (n = 5), vision must also be used by these beetles. Chance, too, must playa role in darkling beetle foraging, for 2 E. hispilabris individuals contacted and ate crushed food placed downwind, which presumably could neither be seen nor smelled; this would be expected of species with fixed movement patterns. These patterns were particularly evident in E. extricata (Fig. 3) . Because E. hispilabris is a larger beetle, it may have been more buffered against the effects of being starved for 10 d than the smaller E. extricata.
The darkling beetles we observed usually moved upwind, regardless of food deprivation or whether there was food present (positive anemotaxis). This behavior can be viewed as an evolutionary adaptation whereby individuals that move upwind are more likely to contact odor plumes from food sources (Bell 1984) , a pattern that has been documented for many arthropod species (e.g., Grubb 1973 , Visser 1976 , Carde 1984 .
Our findings have implications for other movement studies because they demonstrate that animals may be moving in response to different internal motivational states (e.g., hunger sensu Mols [1979 Mols [ , 1987 , internal environmental factors of Bell [1990] ) but doing so in a similar way, as was evidenced by the similar movement patterns of fooddeprived and fed beetles. If several animals are being studied and their motivations to move are unknown, one may misinterpret how different individuals perceive their surroundings and their
Discussion
Although the satiation of an individual darkling beetle determined whether or not it contacted food (as assessed by the significant chi-square values), the velocity and turning mechanics of foraging remained unaffected by food deprivation (as assessed by the nonsignificant Tukey studentized range values). This suggests that movement in state of being because their movement patterns are similar to one another. In our case, the behavior of eating was the only means we had to differentiate between subjects with differing internal motivational states.
The lack of differences in turning and velocity between fed and food-deprived darkling beetles suggests that these species do not use a particular movement pattern in foraging. Because these species are generalist detritivores that naturally occur in a grassland habitat dominated by continuous vegetative (grass) cover (Lauenroth and Milchunas 1991) , they may not need a specialized foraging movement because their food is seemingly consistent and abundant. Foraging in a natural setting is a complex phenomenon that incorporates a suite of behaviors and physiological responses, including recognition of and movement to suitable foraging habitat, food location within that habitat, and food manipulation (Hassell and Southwood 1978, Prokopy 1986) . Thus, experimental studies such as ours are needed to help clarify the roles of these components in the intricate behavior of foraging.
Our successful use of a wind tunnel to investigate the sensory cues used by darkling beetles demonstrates that this tool can produce insights about the behaviors of a variety of species. Such knowledge about how the motivation level of an animal affects its behavior and what sensory cues are used by animals for behaviors such as foraging may contribute to a greater understanding of organism-environment relationships.
